xtensive research has been carried out in recent years in the field of ischemic injury relating to distinct responses by different cell types as well as specific organs to hypoxic insult. Endothelial cells (ECs), which form the inner coating of the blood vessel wall, are central participants in the response to ischemic and ensuing reperfusion processes, which may lead to either repair or further injury, depending on the duration and severity of the primary insult. 1, 2 Among the substances produced by the endothelium during ischemia are vasoactive mediators, superoxide radicals, proinflammatory cytokines, and angiogenic factors. 3 An important consequence of endothelial ischemia/reperfusion (I/R) events is angiogenesis, which includes a number of sequential steps, among them, induction of vascular discontinuity, proliferation and migration of ECs, and structural reorganization of the new vasculature. 4 -6 These steps necessitate the focal degradation of extracellular matrix (ECM) components surrounding the endothelium. Proteolysis of the ECM involves substrate-specific enzymes, among which members of the matrix metalloproteinase (MMP) family are of major importance. 6 -9 These proteases are produced by the ECs themselves, by other cells forming the vascular wall, and by activated immune cells in the microenvironment. 9 MMPs participate in a variety of physiological remodeling processes as well as in pathological processes associated with excessive tissue degradation. Identified to date are Ϸ20 members of this family, all of which share structural and functional features, including a Zn 2ϩ -dependent catalytic site. MMPs are produced and generally secreted in a latent form that requires stepwise activation through interactions with a variety of proteins, including membrane-type (MT)-MMPs and adhesion molecules. 8, 9 The potentially deleterious nature of MMPs is tightly regulated at different levels, including transcriptional and posttranscriptional levels. Posttranslational regulation involves binding to specific endogenous tissue inhibitors of MMPs (TIMPs), which may prevent proteolytic cleavage of the proenzyme, as well as function of the active enzyme. 10 It is currently accepted that the balance between MMP and TIMP activity in a particular environment may determine their net degrading potential. 8 -10 MMP-2 (72 kDa, gelatinase A) participates in the breakdown of collagen type IV, a major component of subendothelial basement membranes. 11 Thus, in this context, MMP-2 production by endothelial or surrounding cells may be vital to the formation of new functional blood vessels, in either the early process of degradation or the later reconstruction of the underlying basement membrane. Like most MMPs, MMP-2, secreted as an inactive proenzyme, requires proteolytic removal of a terminal propeptide domain for its activation. MT-MMPs, in particular MT1-MMP, are involved in this process. Paradoxically, the specific physiological MMP-2 inhibitor, TIMP-2, at low levels, promotes this activation by forming a membrane complex with MT1-MMP, anchoring the pro-MMP-2 to the cell surface. 8, 9, 11 Hypoxia and reoxygenation (H/R) are the main constituents of I/R conditions, and a variety of their effects on different characteristics of ECs have been reported. 1, 2, 12 However, the direct effects of H/R on MMPs, including MMP-2, produced by ECs have been scarcely investigated. In the present study, we provide evidence that exposure of ECs to varying durations of hypoxia and consecutive reoxygenation differentially affects the expression of MMP-2 as well as that of MT1-MMP and TIMP-2, the molecules involved in the modulation of its proteolytic activity. These interactions may culminate in the enhancement of MMP-2 proteolytic activity, enabling the migration of ECs and angiogenesis.
Materials and Methods

Cell Culture
Human endothelial cells (EAhy 926, a generous donation of Dr C.J. Edgell, University of North Carolina, Chapel Hill) 13 were maintained in DMEM supplemented with 10% FCS, 50 U/mL penicillin, 50 g/mL streptomycin, 2 mmol/L glutamine, and HAT (Hypoxanthine, Aminopterin, Thymidine; Biological Industries) at 37°C in a humidified atmosphere containing 5% CO 2 . For evaluation of enzymatic activity, the cells were cultured in microtiter plates (2ϫ10 4 per well, Nunc A/S), and RNA evaluation was performed in 10-cm dishes (2ϫ10 6 per plate, Nunc A/S). For zymography and ELISA evaluations, cells were cultured in a serum-free medium containing 0.1% BSA.
Cells were incubated with phorbol 12-myristate 13-acetate (PMA, 5 to 50 ng/mL, Sigma Chemical Co) as a positive control for MMP-2 activation (24 hours for protein evaluation or 12 hours for mRNA evaluation). Actinomycin D (ActD, Sigma Chemical Co) at 2 g/mL (determined in preliminary experiments) was added for a period of 6 hours or 24 hours to inhibit mRNA synthesis.
Hypoxic Conditions
Hypoxia was performed in a sealed Plexiglas custom-built incubator kept at 37°C by a thermostat-controlling unit (Fried Electronics) that was equipped with gloves, enabling access to cultures without opening the chamber. Containers with water allowed for the maintenance of constant relative humidity inside the incubator. The gas mixture used in the present study contained 95% N 2 and 5% CO 2 . The adjustment of the gas mixture in the incubator was attained by a fast initial "flow-through" at an accelerated rate, followed by a steady continuous flow of gas. The PO 2 level was measured continuously by an oxygen analyzer connected to the outlet. Final evaluation of PO 2 pressure and pH in the culture medium, assessed at the end of each experiment by using a standard blood gas analyzer (ABL510, Radiometer), demonstrated PO 2 pressure of 23Ϯ4 mm Hg. Hypoxic conditions were maintained for 6, 24, or 48 hours. Cells were reoxygenated by incubation in a standard 5% CO 2 incubator (PO 2 158 mm Hg) for an additional 24 hours. Cells incubated under normoxic conditions in a standard incubator for the same length of time as either hypoxia or H/R exposure served as controls.
Cell Viability
Thymidine uptake was used to determine cell proliferation and possible cytotoxicity after H/R experiments. After exposure to hypoxia or H/R, cells were pulsed with [ 3 H]thymidine, and the level of radioactivity was evaluated after 24 hours by using standard liquid scintillation techniques. This assay demonstrated that cell proliferation was similar in hypoxic and normoxic conditions, and no cytotoxic or cytostatic effects were observed. Viability of cells in culture was determined by trypan blue exclusion and found to be Ͼ99% in all conditions.
Gelatinolytic Activity
Supernatants (22.5-L volume per sample) collected from cells exposed to hypoxia or H/R were analyzed by zymography, which enables detection of both activated and zymogenic forms of the gelatinases MMP-9 and MMP-2. Secreted proteins were separated by electrophoresis in SDS-polyacrylamide gels containing 0.1% gelatin. After electrophoresis, gels were renatured by incubation in 2.5% Triton X-100 for 30 minutes, incubated overnight in substrate buffer (50 mmol/L Tris-HCl, pH 7.5, containing 10 mmol/L CaCl 2 , Sigma Chemical Co) at 37°C, and stained with 0.5% Coomassie brilliant blue. Molecular weight markers (Bio-Rad Laboratories) and positive controls and recombinant MMP-2 and MMP-9 (Chemicon) were run with each gel. A clear zone in the blue background indicated the presence of gelatinolytic activity. Computerized densitometry was used to evaluate relative enzymatic activity (BioImaging Gel Documentation System, Dinco and Renium; TINA Software, Raytest).
Evaluation of MMP-2 Protein by ELISA
Commercial ELISA (Amersham) was carried out according to the manufacturer's instructions. This ELISA, based on MMP-2 activity, enables measurement of only the activated form of MMP-2. To measure the total potential activity of MMP-2 (latent and active forms) in the culture medium, supernatants were treated with p-aminophenyl mercuric acetate before ELISA. Duplicate evaluations were performed for each sample. Absorbance at 450 nm was measured by using an automated reader (Anthos Instruments).
Evaluation of mRNA by Northern Blot Analysis
Total cellular RNA was extracted from ECs with the use of Tri-Reagent (Medical Research Center) according to the manufacturer's instructions. The RNA (20 g) was then separated by electrophoresis on 1% agarose gels containing formaldehyde, and its integrity was visualized after ethidium bromide staining. The RNA was capillary-transferred to Hybond membranes (Amersham) and hybridized to radiolabeled MMP-2, MT1-MMP, and TIMP-2 oligomer probes (Biognostik) at 65°C in 50 mmol/L Tris-HCl (pH 7.5), 10% dextran sulfate, 1N NaCl, 1% SDS, and 100 g/mL sheared herring sperm DNA. After autoradiography, membranes were stripped and exposed to G3PDH (Clontech) for PMA experiments or to 28S rRNA probe for hypoxia experiments to normalize for loading errors. Relative levels of MMPs or TIMPs to G3PDH or 28S rRNA signal were determined after computerized densitometric assessment.
Statistical Evaluation
Statistical significance of results was determined by using the Student t test when hypoxia or reoxygenation was compared with its respective control group. ANOVA, followed by the Tukey-Kramer test, was used for the mRNA analysis after H/R treatments. A value of PϽ0.05 was considered to be significant. MeanϮSD values of 3 to 5 experiments are presented.
Results
H/R-Mediated Modulation of MMP-2 Activity
Zymography was used to evaluate MMP-2 secreted by ECs after exposure to different periods of hypoxia (6, 24, and 48 hours) and to hypoxia followed by 24-hour reoxygenation ( Figures 1A through 1D ). The ECs were found to constitutively express only latent MMP-2 (72 kDa), whereas MMP-9 gelatinase activity was undetected ( Figure 1A , lane 2). Hypoxia for 6 hours ( Figure 1B ) led to a slight, although significant, reduction (23%, Pϭ0.02) in the level of MMP-2 activity, and after 24 hours of hypoxia ( Figure 1C ), its level was similar to the constitutive level. After 48 hours of hypoxia, an elevation of 37% above the constitutive level of MMP-2 activity was observed (Pϭ0.014) ( Figure 1D ). Reoxygenation after 6 or 24 hours of hypoxia led to an increment (20% and 27%, respectively; PϽ0.003) in MMP-2 activity compared with levels in cells under normoxic conditions, whereas no increment was observed following reoxygenation after 48 hours of hypoxia. Although zymography is capable of separately detecting the higher molecular zymogen form (72 kDa) and the proteolytically active forms (62 to 68 kDa) of MMP-2, the lower molecular forms were barely visible, preventing their densitometric assessment. Therefore, ELISA was used to evaluate the level of activated MMP-2.
H/R-Mediated Modulation of Total and Active MMP-2 Protein
Because PMA has been reported to activate MMP-2 in ECs and in other cell types, 14, 15 this reagent was used as a positive control for the ELISA evaluation of the active MMP-2 level after H/R. Figure 2A demonstrates that PMA (5 ng/mL) led to a 3.3-fold increment (PϽ0.001) in the level of active MMP-2 in relation to its constitutive level, whereas no change was observed in the total MMP-2 level, which included all its molecular weight forms (72 to 62 kDa).
The ELISA demonstrated relatively low constitutive levels of active MMP-2, Ͻ20% of total MMP-2 ( Figures 2B and  2C ) in contrast to the results obtained after activation by PMA. After 6-hour hypoxia ( Figure 2B ), the amount of active MMP-2 was significantly reduced (50%, Pϭ0.039). Although consecutive reoxygenation significantly elevated the total MMP-2 level over the level observed in normoxic cells (25%, Pϭ0.009), it did not alter the hypoxia-mediated suppression of the active form of MMP-2. After 24-hour hypoxia ( Figure 2C ), the level of active protein was still reduced (by 40%, Pϭ0.017) compared with the level in cells cultured in normoxic conditions, and no significant change was observed in the total protein level.
Reoxygenation after 24-hour hypoxia significantly enhanced both total and active forms of MMP-2 (30% [Pϭ0.01] and 90% [Pϭ0.03], respectively) compared with corresponding controls. Of note, unlike the level of total MMP-2, whose concentration depended on the duration of culture (Figures  2B and 2C ; 6-, 24-, and 48-hour normoxia), the active form of MMP-2 did not accumulate in the supernatants.
H/R Differentially Modulate the mRNA Expression of MMP-2, MT1-MMP, and TIMP-2
In light of the modulation of MMP-2 protein by H/R, its mRNA level was evaluated by using Northern blot analysis. In parallel, the expression of MT1-MMP and TIMP-2, the physiological modulators of MMP-2, was also examined after H/R, whereas exposure of the cells to PMA served as a control.
Modulation of MMP-2
Exposure of ECs to PMA (10 to 50 ng/mL) for 12 hours did not alter the level of constitutive MMP-2 mRNA expression ( Figure 3A) . Short hypoxia of 6 hours ( Figure 3B ) led to the suppression of MMP-2 mRNA expression by 33% (PϽ0.001) compared with the MMP-2 mRNA level observed under normoxic conditions. The effects of 3-hour hypoxia were also evaluated, and the findings were similar to those obtained after 6 hours (data not presented). After reoxygenation following 6 hours of hypoxia, MMP-2 mRNA expression was 40% higher than its level after hypoxic conditions (Pϭ0.01), thus returning to the constitutive level. Prolonged hypoxia (24 hours) had an opposite effect on the expression of MMP-2 mRNA, leading to a 60% elevation (Pϭ0.01) compared with normoxic values (Figure 3C ). Reoxygenation after 24 hours of hypoxia did not lead to any further change in the elevated level of MMP-2 mRNA expression, which remained higher (57%, Pϭ0.05) than that observed in normoxic conditions.
Modulation of MT1-MMP
Exposure of ECs to PMA led to a significant elevation in the level of MT1-MMP mRNA expression ( Figure 4A) . At a concentration of 20 ng/mL PMA, the expression of MT1-MMP was 5.4-fold above the constitutive level (PϽ0.001). Compared with normoxia, short hypoxia (6 hours, Figure 4B ) led to 35% (PϽ0.001) suppression of MT1-MMP mRNA . However, reoxygenation after short hypoxia led to an 83% elevation of MT1-MMP mRNA expression compared with its level after hypoxia alone (PϽ0.001). Prolonged hypoxia ( Figure 4C ) led to a further suppression in MT1-MMP mRNA expression (50% of normoxic level, PϽ0.0001), whereas subsequent reoxygenation led to a 2.8-fold elevation of MT1-MMP mRNA (PϽ0.001) compared with its level after hypoxia alone, resulting in a level similar to that observed for normoxic conditions.
Modulation of TIMP-2
PMA did not alter the constitutive level of TIMP-2 mRNA expressed in ECs in any of the concentrations used ( Figure  5A ). The effect of 6 hours of hypoxia was an 18% reduction (Pϭ0.003) in the level of TIMP-2 mRNA expression compared with its level under normoxic conditions. Twenty-four hours of hypoxia further reduced the level of TIMP-2 mRNA expression (30% compared with cells cultured under normoxic conditions, Pϭ0.007). The mRNA levels observed after reoxygenation following 6 or 24 hours of hypoxia remained lower than the levels for cells cultured in normoxic conditions (20% lower, PՅ0.002) (Figures 5B and 5C) . 
Influence of H/R on the Stability of MMP-2, MT1-MMP, and TIMP-2 Transcripts
ActD, an inhibitor of mRNA synthesis, was added to cultures to determine whether the H/R-induced modulation of the mRNA expression was the result of changes in mRNA stability of the genes examined, MMP-2, MT1-MMP, and TIMP-2.
MMP-2 mRNA Stability
The addition of ActD ( Figure 6A ) to cultures did not influence the baseline level of MMP-2 mRNA expression under normoxic conditions. The addition of ActD to cultures exposed to hypoxia (24 hours) prevented the significant elevation of MMP-2 mRNA expression observed without ActD (Pϭ0.003), resulting in a level similar to that observed in cells under normoxic conditions ( Figure 6A ). The addition of ActD to cells during the consecutive reoxygenation resulted in an elevation of 34% (Pϭ0.008) of MMP-2 mRNA expression compared with cells cultured without ActD (Figure 6B ) and a 2.2-fold increment (PϽ0.001) compared with normoxic cells, with or without ActD.
Experiments performed with ActD during short hypoxia demonstrated that ActD abolished the hypoxia-induced reduction in MMP-2 mRNA expression (data not shown); this finding was similar to that for MT1-MMP and TIMP-2 mRNA expression after the addition of ActD for 24-hour hypoxia (see below).
MT1-MMP mRNA Stability
The addition of ActD to ECs during 24 hours of hypoxia led to a significant enhancement (2.3-fold, PϽ0.001) in MT1-MMP mRNA compared with its expression without ActD, completely reversing the hypoxia-induced inhibition of the MT1-MMP mRNA ( Figure 7A ). The addition of ActD during reoxygenation abolished the enhancement of MT1-MMP mRNA expression observed without ActD, leading to a 65% reduction (PϽ0.001) compared with nontreated reoxygenated cells ( Figure 7B ).
TIMP-2 mRNA Stability
The addition of ActD during 24-hour hypoxia led to a significant enhancement (40%, Pϭ0.003) of TIMP-2 mRNA expression compared with that of untreated cells, abolishing the hypoxia-induced suppression ( Figure 8A ). The addition of ActD during reoxygenation also reverted the suppression of the TIMP-2 mRNA expression observed without ActD (Figure 8B) .
Discussion
Hypoxia is a strong inducer of angiogenesis-promoting factors that orchestrate complex interactions between ECs and the ECM, leading to neovascularization. 16 Endothelial MMPs have been shown to play a pivotal role in these interactions because of their ability to degrade basement membrane components, a primary step in the process of angiogenesis. 17 The human differentiated macrovascular endothelial cell line (EAhy 926) has been reported to constitutively express an array of MMPs, including MMP-2, MT1-MMP, and TIMP-2. 18 Reports from previous in vitro studies relating to hypoxic modulation of MMPs 2,19,20 and our preliminary results led us to use 6 hours as representative of acute hypoxia and 24 to 48 hours as representative of prolonged hypoxia.
Exposure of ECs to short hypoxia led to the inhibition of MMP-2, MT1-MMP, and TIMP-2 mRNA expression accompanied by a reduction in MMP-2 protein secretion. The mechanisms and biological significance of this reduction in MMP-2 and its regulators are not clear. The selective elevation of only the MMP-2 gene, observed after prolonged hypoxia, resulted in elevated zymogen secretion but not in the increased active form of the enzyme, in accordance with our finding of a persistent decrease in the MT1-MMP mRNA expression. Additional activators of MMP-2, such as ␣ v ␤ 3 integrin, 21 although not examined in the present study, are reported to be influenced by hypoxia. 22 However, the observed lack of elevation in the MMP-2 active form suggests that these molecules did not contribute to the catalytic processing of secreted pro-MMP-2 during hypoxia. The enhanced production of the active form of MMP-2 after prolonged H/R is in agreement with the elevation of MMP-2 and MT1-MMP mRNAs as well as with the continued reduction of TIMP-2 mRNA. Of note, attempts to evaluate the level of TIMP-2 activity by reverse zymogram found that the sensitivity of the assay did not allow detection of this activity. The data demonstrated in the present study suggest that prolonged hypoxia of ECs upregulates "potential" MMP-2 activity, whereas reoxygenation, which induces elevated MT1-MMP mRNA, may be necessary for "full" MMP-2 activity.
ELISA and the zymographic assay used were complementary, rather than directly comparable, to each other. ELISA enabled us to detect the low quantity of active MMP-2, whereas zymography enabled the assessment of the latent form of the protein. Of note, however, are the seemingly conflicting findings: the low levels of the activated form of MMP-2 as opposed to the accumulation of the proenzyme detected in the supernatants. These low levels of activated MMP-2 may be the result of the isolated in vitro conditions, the existence of in vitro mechanisms preventing its activation, or its short half-life. MMP-2, because of its constitutive expression and its relatively poor response to exogenous regulators, was considered, until recently, to be a "housekeeping" gene. 7, 23 However, the changes in MMP-2 gene expression and its mild, but significant, protein activity suggest that MMP-2 is of prime importance in the response of ECs to hypoxia/ischemia.
The present in vitro results, demonstrating for the first time the distinct influences of H/R on MMP-2 expression in ECs, are in accordance with the few in vivo I/R studies performed. 24 -27 Enhanced activity of MMPs, primarily MMP-2 and MMP-9, coupled with a reduction in TIMP expression have been demonstrated in a variety of brain and heart ischemic models, whereas reperfusion aggravated the damage observed in ischemic rat brain, in correlation with the enhanced level of MMP expression. However, although elevated levels of MMPs may contribute to deleterious tissue degradation, they may also contribute to "repair processes," such as angiogenesis and wound healing. 24 -27 A different phenomenon was reported for ischemic kidneys. Ischemia in this organ led to a decrease in MMPs and an elevation in TIMP expression accompanied by fibrosis. 28 In vitro experiments with hypoxic renal epithelial cells demonstrated reduced MMP-2 (72-kDa) secretion, no change in TIMP-2, and enhanced TIMP-1 mRNA expression, which was associated with the in vivo ischemia-related kidney fibrosis. 19 A different response to hypoxia was also observed in ovarian tumor cell lines, in which no changes in MMP-2 expression were found. 20 Taken together, the activity and role of MMPs and TIMPs in ischemic processes seem not to be uniform and may depend on the tissue and cell type, as well as the duration and severity of the ischemia.
ECs of different origin may respond differently to environmental stimuli and, accordingly, express divergent MMPs. 15, 29 The distinct effects of H/R concerning MMP-2 and the molecules regulating its activity, as described in the present study, may be representative of macrovascular endothelium. Hypoxia of macrovascular endothelium is of relevance to ischemic processes occurring in a variety of vasculopathies. 30 It should also be noted that the complexity of the physiological in vivo I/R events might not be fully reflected in isolated cultured cells subjected to H/R. Nevertheless, in vitro studies of H/R are essential to appraise the basic mechanisms involved in I/R.
The present study also investigated whether the H/Rinduced modulation of MMP-2, MT1-MMP, and TIMP-2 was the result of induction of transcriptional activity or secondary to changes in mRNA stability. The absence of changes in the mRNA levels of the three genes examined, after the addition of ActD to cells in normoxia, reflects their mRNA stability. Of interest was the ActD-mediated reversal of the hypoxia-induced inhibition of the genes (MMP-2 at 6 hours [data not shown] and MT1-MMP and TIMP-2 at 24 hours). These findings point to hypoxia-mediated enhancement of mRNAs encoding for proteins that induce MMP/ TIMP mRNA degradation. The observed elevation of MMP-2 mRNA expression during 24-hour hypoxia was abolished in the presence of ActD, supporting de novo MMP-2 mRNA synthesis during prolonged hypoxia. The addition of ActD during reoxygenation did not alter the enhanced mRNA expression of MMP-2 or the reduced expression of TIMP-2 mRNA, implying that the changes in the MMP-2 and TIMP-2 mRNA levels were the result of transcription altered during hypoxia. In contrast, the enhanced expression of MT1-MMP mRNA observed after reoxygenation appears to be the result of upregulated transcription. Taken together, these experiments demonstrate that short hypoxia and prolonged hypoxia, as well as reoxygenation, induce distinct transcriptional regulation of MMP/TIMP genes in ECs.
Studies have identified specific molecules and transcription factors modulated by H/R, 2,16,22,31 whereas other studies have implicated some of these factors in the regulation of MMP-2, MT1-MMP, and TIMP-2 gene expression. [32] [33] [34] [35] [36] The common activator protein (AP)-1 was reported to play a dominant role in PMA-induced transcription of MMPs, 8, 9, 37 and its expression is upregulated by hypoxia. 3 Because the influence of PMA on the three genes studied has been well documented, it was chosen as a control in the present study, and the results observed are in accordance with reported data relating to PMA-mediated modulation of MMPs. However, the presence of an AP-1 binding site on the MMP-2 promoter is disputed, and no PMA-induced elevation in MMP-2 mRNA or protein has been reported. 15, 37 Nonetheless, PMA activates pro-MMP-2 through increased synthesis of its activator, MT1-MMP. 11 Likewise, PMA appears not to induce TIMP-2 transcription 15 despite the identification of an AP-1 binding sequence in the TIMP-2 promoter. 38 Further studies are needed to elucidate the molecular mechanisms and factors involved in the H/R-induced changes in transcription and activation of endothelial MMPs/TIMPs.
The present research demonstrates the complex regulation of endothelial MMP-2 expression after exposure to H/R. The results suggest important influences of both transcriptional and posttranscriptional mechanisms involved in the MMP-2 activity in ECs. Prolonged hypoxia, through the elevation of MMP-2, appears to have the potential to promote ECM degradation, and reoxygenation, through MT1-MMP elevation, may lead to a further increase in ECM breakdown. These changes associated with ECM remodeling by endothelial MMPs/TIMPs may play a central role in the response of the vascular compartment to H/R. Future research may have important implications toward modulating physiological and pathological angiogenesis, with the aim of developing new therapeutic strategies based on regulating endothelial MMPs. Such strategies may be relevant to promoting wound healing and hypoxic tolerance or to preventing atherosclerosis, tumor growth, and metastasis.
